Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes present in all life kingdoms, with five genetically distinct families described to date in various organisms.
1-3 Most of them are zinc-containing enzymes, but Fe(II) may be present at the active site of the -CAs (described so far in Bacteria, Archaea and plants), whereas Cd(II) or Zn(II) ions seem to be equally effective for promoting catalysis in the -CAs (diatoms encode for this class of CAs). [4] [5] [6] The metal ion is coordinated by three His residues (in the -, -and -class enzymes) or by one His, and two Cys residues (in the -and -CAs), with the fourth ligand being a water molecule/hydroxide ion. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The main difference between these -, -and -class enzyme families where three His ligands coordinate to zinc, is the spacing between the three His residues in the protein sequence. For example, in all -CAs investigated so far the His ligands are at positions x, x+2 and x+25 (for example in the human isoform I, hCA I, these are His94, His96 and His119). [1] [2] [3] For the γ-CAs the positions of His residues coordinating the metal ion are always x, x + 36 and x + 41, respectively, whereas for the -CAs, the zinc ligands are positioned at residues x, x + 3 and x + 112, respectively.
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CAs belonging to various classes have been cloned, purified and characterized from many pathogenic organisms such as bacteria, fungi and worms [14] [15] [16] [17] [18] in order to investigate whether inhibition of such enzymes is crucial for their survival or pathogenesis. Indeed, for CAs from in most organisms it has been demonstrated that inhibitors belonging to the sulfonamide class (the most investigated CA inhibitors (CAIs)) 1-4 interfere with the growth, possessing interesting antiinfective properties.
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Few protozoan parasites have been investigated for the presence and druggability of CAs up until now. The causative agent of human malaria,-Plasmodium falciparum, was one of the first one to be investigated. [23] [24] [25] A truncated form of the P. falciparum CA gene was cloned, expressed and purified in 2004 by Krungkrai's group, 23a who showed that it is an active enzyme, possessing a good esterase activity with 4-nitrophenylacetate as a substrate, and also was inhibited by known sulfonamide-based CA inhibitors such as acetazolamide. The same authors concluded that the enzyme belongs to the α-class of CAs. 23a Subsequent studies from Krungkrai's and our laboratories showed that different Plasmodium spp. encode CAs, all considered to belong to the -class, and that primary sulfonamides inhibited in vitro and in vivo growth of Plasmodium parasite. 23b-25 The P.
falciparum CA, the only Plasmodium CA investigated to date, has been denominated PfCA. 23 Some benzenesulfonamide derivatives showed effective in vitro inhibition of the esterase activity of PfCA, and also inhibited the in vitro growth of the parasite. 23b-25 Furthermore, some of these sulfonamides were effective as antimalarial agents in mice infected with P. berghei, an animal model of human malaria infection, with an efficacy similar to that of the clinically used drug chloroquine. 24 CAIs were considered to possess antiantimalarial activity because their inhibition of the first step of pyrimidine nucleotide biosynthesis in the protozoan parasite, i.e., the CA-mediated carbamoylphosphate biosynthetic pathway. 24 However, this has not been experimentally confirmed and PfCA has never been investigated for its catalytic activity with CO 2 as substrate up until now.
More recently, an -CA has also been cloned and characterized in another unicellular protozoan, Trypanosoma cruzi, the causative agent of Chagas disease. 26 This enzyme, denominated
TcCA, had a high catalytic activity for the CO 2 hydration reaction, although it is devoid of the His64 proton shuttle, an amino acid residue involved in the catalytic cycle of -CAs. Anions constitute another important class of CAIs. [27] [28] [29] [30] As there are no anion inhibition studies of PfCA, here we undertook such an investigation, including in our study the common metal-complexing anions, the halides and pseudohalides, as well as some complex anions and small molecules known to interact with these enzymes, such as sulfamide, sulfamic acid, phenylboronic acid, diethyldithiocarbamate, etc. 31 Up until this study, it should be noted that the catalytic activity of PfCA had only been investigated for the esterase reaction catalyzed by the enzyme, with 4-nitrophenylacetate as a substrate. 24 Here we present the first kinetic study of the CO 2 hydrase properties of this enzyme, together with the anion inhibition data mentioned above. As discussed above, based on amino acid sequence comparisons, Plasmodium CA enzymes have until now been classified as members of the -CA family. A closer look at the amino acid sequence and phylogeny of CAs present in P. falciparum and other Plasmodium spp., led us to the conclusion that PfCA was erroneously assigned as being an α-class enzyme. Here we propose that Plasmodia encode for CAs belonging to a new genetic family that we call the -CA class.
Figs. 1 -3 here
The PfCA full length enzyme contains 600 amino acid residues (PlasmoDB: PF3D7_1140000), in contrast to hCA I and II which have 260 and 259 residues, respectively. 25 An alignment of the amino acid sequences of a truncated 23a PfCA sequence, with the two human α-CAs, hCA I and II, is shown in Fig. 1 , in order to identify some features of the protozoan enzyme previously assigned to the α-class. 23b The sequence of truncated PfCA sequence can be aligned to that of hCA I and II, but only if gaps are added to in the amino acid sequence regions in which the zinc coordinating histidines are located: six gaps must be placed in the PfCA sequence (after residue 96 -the hCA I numbering system is used throughout the paper), and five gaps in the hCA I/II sequences (after Leu118). However, we consider this as to be a "forced" alignment that has erroneously led to the assignment of PfCA as belonging to the α-class. Indeed, the sequence alignment of Fig. 1 (i) the predicted metal ion coordinating residues are His94, His96 and His118 (again the hCA I numbering system is used for allowing us to better describe the differences between the α-and -CAs). Thus, the metal ion coordination pattern (x, x+2, x+25 in α-CAs) is x, x+2, x+24, for the -CAs. For the first four Plasmodium species shown in the alignment in Fig. 2 , which include three P.
falciparum lines and the chimpanzee malaria parasite P. reichenowi which is phylogenetically related to the human parasite P. falciparum, the same putative zinc coordination pattern is observed whereas for the other last four sequences, which are all murine malaria parasite species, His94 is replaced by an Asn, which cannot coordinate Zn(II). However, in the murine Plasmodia four sequences there are two other His residues, in position 91 and 92 (conserved in all these four CAs), which in principle could coordinate Zn(II). However, this may represent another genetic CA family (proposed to be denominated -CA class). Alternatively, similar to the CA-related proteins (CARPs), 33 these four proteins may lack one of the Zn(II) ligands, being catalytically inactive -class enzymes. The hypothesis as to whether there is a seventh CA genetic family (considering the -CA class as the sixth one) may be confirmed or refuted only when one of these enzymes is cloned and the presence or absence of CO 2 hydrase activity verified;
(ii) the -CAs do not have His in position 64 (a major difference compared to α-CAs). In all sequences of Fig. 2 , Phe is present in that position;
(iii) the Glu106 -Thr199 dyad, present in all α-CAs, is also absent in the -CAs, with Ser being present in both these positions (Fig. 2) ;
(iv) the -CAs discovered so far have a much longer amino acid sequence compared to the α-CAs, which typically are 250-280 amino acid residues long enzymes. It may be observed that the -class enzymes have > 400 amino acid residues in their sequence. However it should be noted that on average Plasmodium gene sequences, excluding introns, are larger than those of other organisms. 34 These conclusions were also reinforced when the phylogenetic analysis shown in Fig Tables 1 and 2 here To begin to understand the enzymatic characteristics of PfCA, we next measured the CO 2 hydrase activity of this recombinant enzyme by a stopped-flow assay. 28 Data in Table 1 , where enzymes belonging to all six CA families are included, show that PfCA has a good CO 2 hydrase activity at pH 7.5, with a k cat of 1.4 x 10 5 s -1 and a k cat /K M of 5.4 x 10 6 M -1 x s -1 . Furthermore, this activity is inhibited by the clinically used sulfonamide acetazolamide (as for all other classes of CAs), with an inhibition constant of 170 nM. Thus, PfCA is among the least effective catalysts shown in Table 1 , being around 27.5 -28 times less efficient compared to hCA II (α-class) or
ZnCA1-R1 (ζ-class CA), which are among the enzymes with the highest turnover numbers described so far. 1, 6 The -class enzyme shows however a significant catalytic action, as its kinetic parameters are of the same order of magnitude as those of FbiCA (β-CA from the plant Flaveria bidentis) or TweCA (δ-CA from the diatom Thalassiosira weissflogii).
We next investigated the anion inhibition profile of recombinant PfCA with simple and complex anions, as well as small molecules known to inhibit other CA families (Table 2 ). For comparison, we have also included the anion inhibition data of the two human enzymes hCA I and II as well as the protozoan T. cruzi enzyme TcCA, all of which belong to the α-CAs and as reported earlier by us. 35 The following should be noted regarding the inhibition data of Table 2: (i) Perchlorate, tetrafluoroborate and hydrogensulfite were not inhibitors of PfCA, a behavior observed with most other -and -CAs investigated so far for perchlorate and tetrafluoroborate, but not for hydrogensulfite, which is an effective (submillimolar) TcCA inhibitor.
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(ii) A number of the investigated anions showed weak potency of inhibition against PfCA, with inhibition constants ranging between 2.24 and 9.76 mM ( 2 ) and phenylarsonic acid (Ph-AsO 3 H 2 ), which had inhibition constants in the low micromolar range (K I s of 6-9 µM). All four compounds are much more effective -CA inhibitors than α-CA inhibitors, for which millimolar affinities of these inhibitors were measured, Table 2 .
(v) The inhibition profile of the protozoan enzyme PfCA is very different from that of the human enzymes (hCA I and II) and also the T. cruzi TcCA, which is probably due to the fact that the active sites of the -and α-class CAs are probably quite different.
As for most anions, it is probable that these inhibitors bind to the metal ion from the -CA active site, in tetrahedral or trigonal-bipyramidal geometries of the Zn(II).
In conclusion, we demonstrated that PfCA, an enzyme considered earlier to belong to the α-CA class, has significant CO 2 hydrase activity, with a k cat of 1. instrument has been used for assaying the CA catalyzed CO 2 hydration activity. Phenol red (at a concentration of 0.2 mM) has been used as indicator, working at the absorbance maximum of 557 nm, with 10 -20 mM Hepes (pH 7.5) as buffer, and 20 mM Na 2 SO 4 or 20 mM NaBF 4 for maintaining constant the ionic strength, following the initial rates of the CA-catalyzed CO 2 hydration reaction for a period of 10-100 s. The CO 2 concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the reaction have been used for determining the initial velocity. The uncatalyzed rates were determined in the same manner and subtracted from the total observed rates. Stock solutions of inhibitor (10 mM) were prepared in distilleddeionized water and dilutions up to 0.01 µM were done thereafter with distilled-deionized water. Inhibitor and enzyme solutions were preincubated together for 15 min at room temperature prior to assay, in order to allow for the formation of the E-I complex. The inhibition constants were obtained by non-linear least-squares methods using the ChengPrusoff equation whereas the kinetic parameters for the uninhibited enzymes from Lineweaver-Burk plots, as reported earlier, 29-31 and represent the mean from at least three different determinations. . In order to align the Zn(II) ion ligands (in red) of the three enzymes, six "missing" residues have to be inserted in the protozoan enzyme sequence, and five in the mammalian enzymes sequences. It may be seen however that the other residues crucial for the catalytic mechanism of the -CAs (i.e., the proton shuttle residue His64 shown in blue) and the gatekeeper residues (Glu106 and Thr199, in orange) are not conserved in the protozoan enzyme (except for Glu106). The hCA I numbering system has been used. [29] [30] [31] [32] [33] [34] . Amino acid sequence cryptonym is indicated in Table 3 . 
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